The protein kinase catalytic domain contains several conserved residues of unknown functions. Here, using a combination of computational and experimental approaches, we show that the function of some of these residues is to maintain the backbone geometry of the active site in a strained conformation. Specifically, we find that the backbone geometry of the catalytically important HRD motif deviates from ideality in high-resolution structures and the strained geometry results in favorable hydrogen bonds with conserved noncatalytic residues in the active site. In particular, a conserved aspartate in the F-helix hydrogen bonds to the strained HRD backbone in diverse eukaryotic and eukaryotic-like protein kinase crystal structures. Mutations that alter this hydrogen-bonding interaction impair catalytic activity in Aurora kinase. Although the backbone strain is present in most active conformations, several inactive conformations lack the strain because of a peptide flip in the HRD backbone. The peptide flip is correlated with loss of hydrogen bonds with the F-helix aspartate as well as with other interactions associated with kinase regulation. Within protein kinases that are regulated by activation loop phosphorylation, the strained residue is an arginine, which coordinates with the activation loop phosphate. Based on analysis of strain across the protein kinase superfamily, we propose a model in which backbone strain co-evolved with conserved residues for allosteric control of catalytic activity. Our studies provide new clues for the design of allosteric protein kinase inhibitors.
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allostery | conformational strain | DFG flip | hydrophobic spine | Ramachandran plot P rotein phosphorylation represents a fundamental mechanism by which our cells respond to environmental signals (1, 2) . In eukaryotes, protein phosphorylation is carried out by a large and diverse family of protein kinases (3) , which share a conserved catalytic domain. The catalytic domain is a dynamic scaffold that toggles between various conformational states, including a catalytically "on" and "off" state, to faithfully propagate cellular signals. In the "on" state, the catalytic domain is capable of catalyzing the transfer of γ-phosphate from ATP to a receiving hydroxyl group in a protein or small molecule substrate, whereas in the "off" state it is incapable of phosphoryl-transfer. Because a constitutively "on" or "off" kinase can be catastrophic, the protein kinase "switch" is tightly controlled by a diverse array of regulatory mechanisms. Allosteric regulation is one such mode of control (4) (5) (6) (7) (8) (9) in which conformational changes in the catalytic domain, upon ligand or regulatory protein binding, alters catalytic activity. Understanding the conformational control of protein kinase activity is essential for the development of new therapies for human diseases such as cancer, which is associated with abnormal regulation of protein kinase activity (10, 11) .
Crystal structures of protein kinases in various conformational states and NMR studies on protein kinase A (PKA) have provided important insights into the conformational changes associated with catalysis and regulation. These studies have shown that the catalytic domain cycles through various conformational states, including an apo (open state), ATP-bound (closed binary complex), and ATP/substrate-bound (closed ternary complex) state, as part of its catalytic cycle. ATP and substrate binding promotes synchronous motions in the active site and establishes a conformational equilibrium between an "open" inactive conformation and a "closed" active conformation (12, 13) . The transition from inactive to active state also involves large conformational changes in key structural elements of the catalytic core. In the Abl tyrosine kinase, for example, a conserved DFG motif in the active site switches from an inactive (DFG-out) conformation to an active (DFG-in) conformation (14) . This conformational change involves rotation of the DGF aspartate (DFG-Asp) backbone torsion angles from a disfavored region of the Ramachandran plot to a fully allowed region (14) . This conformational change is believed to be modulated by the protonation state of the DFG-Asp (15) . More recently, a network of hydrophobic interactions connecting the ATP and substrate binding lobes of the kinase domain, called the regulatory spine, has been suggested to play an important role in kinase activation (16, 17) . According to the spine model, the assembly of the hydrophobic interactions linking the ATP and substrate binding regions leads to kinase activation (16, 17) .
Catalytic activation of protein kinases also involves precise positioning of the conserved HRD motif (3, 18, 19) in the active site. The HRD-Asp orients the substrate for catalysis (20) and has also been suggested to function as a catalytic base (21) . Indeed, the HRD-Asp is one of the most highly conserved residues in the protein kinase superfamily and mutation of the HRD-Asp abolishes catalytic activity in many protein kinases (20, 22, 23) . Unlike the HRD-Asp, the arginine (Arg) within the HRD motif is conserved in most but not all kinases, and plays a largely regulatory role (9, 22, 24, 25) . In kinases that are regulated by phosphorylation of the substrate binding activation loop (Fig. 1) , the HRDArg coordinates with the phosphorylated residue in the activation loop (7, 26) . This coordination allows allosteric coupling between the regulatory site (phosphorylation site) and the active site (7, 27) . Unlike the HRD-Asp and HRD-Arg, the precise role of the HRD-His in kinase functions is not as well understood.
Quantitative comparisons of protein kinase sequences and structures from diverse organisms have shown that the HRD-His is part of an ancient structural component that distinguishes eukaryotic protein kinases (EPKs) and eukaryotic-like kinases (ELKs) from distantly related atypical kinases (APKs) (18) . The HRD-His, along with co-conserved residues in the substratebinding lobe (F-helix-Asp and E-helix-His in Fig. 1 ) form a contiguous network of hydrogen bonds that couple the backbone of the HRD motif to ATP and substrate-binding regions. This network, called the EPK-ELK structural component (18) , is conserved in EPKs and ELKs, but absent in APKs. The ability of APKs to adopt the protein kinase-fold without the hydrogen- bonding network indicated that the EPK-ELK structural component is not required for maintaining protein kinase structure or fold, but rather for as-yet-unidentified functions (18, 28) .
Here, we present evidence that the remarkable conservation of the EPK-ELK structural component is because of its role in a conformational strain switch in the active site of protein kinases. Specifically, we find that the hydrogen bonds mediated by the EPK-ELK component residues maintain the backbone torsion angles of the HRD motif in a "strained" conformation in most active structures, and release of the backbone strain via a peptide flip correlates with conformational changes in the EPK-ELK component residues. Furthermore, we show that mutation of the EPK-ELK component residues in Aurora kinase impairs catalytic activity. We propose that the EPK-ELK component is an ancient allosteric network that has co-evolved with the catalytic loop strain to regulate activity in EPKs and ELKs. EPKs have elaborated on this core network through the addition of EPK-specific regulatory features, such as the HRD-Arg and phosphorylatable activation loop, to provide additional layers of allosteric control.
Results

Identification of a Hidden Backbone Strain in the Catalytic Loop of
Protein Kinases. As shown in Fig. 1 , the EPK-ELK component residues, such as the HRD-His, and the F-helix-Asp form precise hydrogen bonds with the backbone of the HRD motif. To understand why these interactions are maintained across diverse EPK and ELK structures, we performed detailed conformational analysis of the HRD motif backbone in available crystal structures. We analyzed the backbone torsion angles, and the bondangle values of the HRD motif residues in 103 high-resolution (<1.7 Å) structures from diverse protein kinase families (Materials and Methods). This process revealed that the torsion angles of the HRD-Arg occurs in disfavored regions of the Ramachandran plot in 89 of the 103 structures ( Fig. 2A and Table S1 ). In these 89 structures, the bond angle (N-Ca-C) of the HRD-Arg also deviates from ideal values ( Fig. 2B and Table S1 ). We define these unusual conformations of the HRD-Arg backbone as "conformational strain" (Materials and Methods). Conformation strain in the HRD-Arg backbone also persists in a larger dataset of kinase structures at medium resolution (<2.5 Å) (Fig. S1A) .
To determine if regions other than the HRD motif display backbone strain, we plotted the frequency of strained and disallowed conformations at each of the 295 residue positions that define the protein kinase domain. This process revealed that in addition to the HRD-Arg, the backbone of the DFG-Asp also displays backbone strain (Fig. 3) . The strain in the DFG-Asp has been noted previously (14) ; however, the strain in the catalytic loop (HRD-Arg) has not been noted before.
Catalytic Loop Strain Is Conserved in EPKs and ELKs That Are Not
Regulated by Activation Loop Phosphorylation. In EPKs, the sidechain of the HRD-Arg typically coordinates with the phosphate group of a phosphorylated Thr/Ser/Tyr residue in the activation loop. To determine if the HRD-Arg backbone strain is a consequence of activation loop phosphorylation, we analyzed the phosphorylation status of the activation loop in all of the strained conformations. We found no correlation between the occurrence of strain at the HRD-Arg backbone and the phosphorylation status of the activation loop. Furthermore, families that do not conserve an arginine at the HRD-Arg position also display strain at the equivalent position. For example, DAPK kinase, which conserve a phenylalanine at the HRD-Arg position display the catalytic loop strain (PDB ID 2W4J) (Fig. S1 ). Likewise, ELKs, which are not regulated by activation loop phosphorylation, also display the strain (Fig. S1) . However, the strain was not detected in distantly related APKs, such as actin-fragmin kinase (29) .
Association and Coevolution of the Catalytic Loop Strain with the EPK-ELK Structural Component. We hypothesized that the hydrogen bonds mediated by the EPK-ELK conserved residues is essential to maintain the HRD-Arg backbone strain (Fig. 1) . To test this hypothesis, we analyzed all the crystal structures that display the strain (2,269 structures) (Materials and Methods). We found that in a significant number of structures where the HRD-Arg backbone is conformationally strained, the hydrogen bonding network mediated by the EPK-ELK component residues ( (Table S2 ). In particular, the F-helix-Asp hydrogen bonds to the backbone amides of the HRD-His and HRD-Arg in nearly all the structures where the strain is present (2,198 of 2,269 structures, P value 2.348 × 10 −42 ) (Table S2 ). In addition, conserved water-mediated interactions (30) between the HRD and DFG motif backbone atoms are observed in the strained conformations (Fig. 1) . We also found that the strained conformation occurs predominantly in the active state (Table S1 ). The strain status in other functional states of the kinase, such as the inactive, liganded, and unliganded states, is provided in Table S3 .
To obtain insights into how the strain may have evolved during the course of kinase evolution, we analyzed the phylogenetic distribution of the various amino acids conserved at the HRD-Arg position in EPKs and ELKs. This analysis revealed that although an arginine within the HRD motif is distinctive of EPKs, ELKs generally conserve a glycine, alanine, or asparagine at the HRD-Arg position (Fig. S1 ). Rio kinases, in particular, are noteworthy in this regard because they conserve a glycine at the HRD-Arg position that can adopt the active conformation without being strained. ). In addition, the water-mediated interactions between the HRD and DFG motifs, described in the previous section, are not observed in structures where the strain is lost.
The loss of the catalytic loop strain is also correlated with conformational changes in the DFG motif and the hydrophobic spine.
In a significant number of structures where the HRD-Arg backbone occurs in the relaxed conformation, the DFG motif occurs in the "DFG-out" conformation (16 structures, P value 0.039) (Table  S2 ). An intermediate state to the DFG-out conformation occurs in many protein kinase families, such as Aurora (PDB ID 2J50) and CDK (PDB ID 3MTL), and these structures lack the catalytic loop strain. In addition to conformational changes in the DFG motif, we note that the hydrophobic spine that connects the DFG and HRD motifs is also disassembled in structures where the strain is lost (16 structures, P value 0.039).
Mutation of the EPK-ELK Component Residues Alter Aurora Kinase
Activity. Because the EPK-ELK component residues are directly associated with the strain, we hypothesized that mutation of the EPK-ELK component residues should alter the strain status, and consequently protein kinase activity. To test this hypothesis, we performed mutational analysis of EPK-ELK component residues in human Aurora kinase A. Aurora kinase conserves all of the EPK-ELK component residues and phosphorylates its physiological substrate, Histone H3 (at Ser-10), upon auto-phosphorylation of the activation loop (31) . Throughout the experimental analysis, a catalytically inactive mutant K162A in the N lobe that impairs ATP binding, a catalytically inactive aspartate mutant (D256A), and a wild-type kinase reaction without ATP was used as negative controls. Mutational analysis of F-helix-Asp. We mutated the F-helix-Asp to a leucine, asparagine, alanine, and glutamate. The aspartate to glutamate mutant showed activity similar to or greater than that of the wild-type (Fig. 4A) . However, the other three mutants (D311A, D311L, and D311N) did not show any detectable catalytic activity compared to the control wild-type assay without ATP and the catalytically inactive mutants. In addition to impaired phosphorylation of Histone H3, the three mutants (D311A, D311L, and D311N) also prevent autophosphorylation of the activation loop threonine (T288) (Fig. 4A) .
We also generated an activating T288E mutation that mimics constitutive autophosphorylation, and performed our mutational analysis of F-helix-Asp in the T288E background. The double-mutants D311A/T288E, D311L/T288E, and D311N/ T288E did not show any detectable substrate phosphorylation, whereas the T288E mutation by itself showed activity similar to, or greater than that of wild-type Aurora A (Fig. 4A) . Furthermore, we characterized the in vitro kinetics of the D311L/T288E and D311N/T288E mutants using a fluorescence based assay (see SI Materials and Methods for details). The kinetic data indicate that the two mutants catalyze phosphoryl-transfer at significantly different rates relative to each other, as well as to the wild-type.
The rate of D311L/T288E is 3.5-fold higher than D311N/T288E, and D311L/T288E and D311N/T288E are 45-and 160-fold slower than the wild-type, respectively (Fig. S2) . Mutational analysis of HRD-His and E-helix-His. To determine the role of the HRD-His and E-helix-His in Aurora A kinase activity, we carried out mutational analysis of these EPK-ELK conserved residues in the T288E background. HRD-His to a tyrosine mutation (H254Y) was observed in some AGC kinases. We also mutated the HRD-His to a phenylalanine to disrupt the hydrogen bonds made by the HRD-His. As seen in Fig. 4B , the H254Y mutant does not change Aurora kinase activity, whereas the H254F mutant abolishes kinase activity. In addition to the HRD-His, we mutated the E-helix-His, which is part of the EPK-ELK structural component. The E-helix-His was mutated to a glutamate and alanine because these mutations are naturally observed in some tyrosine kinases. As seen in Fig. 4B , the E-helix-His mutations either abolish Aurora kinase activity, or substantially reduce activity.
Discussion
Conformationally strained polypeptide backbones usually occur near enzyme-active sites (32) . In the phospho-carrier protein, HPr, for example, a torsion-angle strain switch in the active site has been suggested to lower the activation barrier (33) during phosphoryl-transfer. Here we perform detailed conformational strain analysis of 2,442 protein kinase crystal structures to show that the catalytically important HRD motif in the active site is under conformational strain. Although the precise role of the strain is unclear at this point, several lines of evidence suggest a regulatory role. First, the ability of certain APKs to catalyze phosphoryl-transfer without the strain, and the associated EPK-ELK structural component, suggests that the strain is not part of the catalytic mechanism. Second, conformational changes associated with regulation, such as formation of the hydrophobic spine, is correlated with the strain-switch. Third, mutations that disrupt hydrogen-bonding interactions with the strained backbone abrogate catalytic activity (Fig. 4) . A regulatory role for the strain is also supported by recent NMR studies on PKA, which show that ATP binding induces global conformational changes coupling the ATP and substrate binding lobes (12, 13) . This coupling has been suggested to involve the hydrophobic spine connecting the ATP and substrate-binding lobes (16, 17) . Our analysis suggests that in addition to the hydrophobic spine, switching of the HRD backbone from relaxed to strained conformation may also contribute to allosteric coupling between ATP and substrate binding lobes (Fig. 5 and Fig. S3) .
A functional role for the catalytic loop strain also explains the high degree of conservation of the EPK-ELK component residues (3, 18) , which not only hydrogen bond to the strained backbone in the active conformation, but also couple the strain to distal substrate-binding regions. Such coupling, for example, may allow strain-switch mediated conformational changes in the active site to be allosterically communicated to distal substrate binding and regulatory regions, and vice versa. Our model (Fig.  5) suggests that mutations that alter the EPK-ELK-mediated hydrogen-bonding network, such as the Aurora kinase F-helixAsp to Asn mutation, could lead to loss of catalytic activity by disrupting the allosteric communication network. The substitution of Asn in place of F-helix-Asp could stabilize the relaxed form of the HRD-Arg, as seen in crystal structure of an inactive Rop5 kinase, which naturally conserves an Asn at the F-helix-Asp position (PDB ID 3Q60) (Fig. S4 ). In the crystal structure of ROP5, the peptide backbone of the HGD motif is flipped and the Asn hydrogen bonds to the carbonyl oxygen of the HGH-Gly backbone (Fig. S4) .
The flipping of the HRD-Arg backbone from strained to relaxed conformations could give rise to multiple inactive structures via disruptions in EPK-ELK component-mediated interactions.
Crystal structures of Aurora kinase solved in various conformational states (Fig. S5) provide clues to such inactive conformations. In some of the inhibitor-bound Aurora kinase structures (resolution ∼2.0 Å), for example, the HRD backbone exists in a conformational state that is intermediate to the strained and relaxed forms. In these states, the side-chain of HRD-His hydrogen bonds to the F-helix-Asp, breaking the EPK-ELK network seen in active forms (Fig. S5C) (PDB ID 3DJ6) . In vivo, it is possible that the strained and relaxed forms exist in equilibrium. The kinetic data for the D311L/T288E and D311N/T288E mutants suggests that the equilibrium between these states can be affected by modifications of the EPK-ELK component-mediated interactions. The D311N/T288E mutant would specifically favor the unstrained conformation as seen in ROP5 (Fig. S4) and, hence, is the slowest among the mutants studied. Because the D311L/T288E mutant favors neither conformation, and the unstrained conformation is more likely to exist in such a scenario, it shows slightly higher activity in comparison with D311N/T288E mutant. The actual rates are still much slower compared to the wild-type (around 45-times and 160-times slower), explaining the lack of activity in Western blots.
Because the catalytic loop strain is observed in both EPKs and ELKs, it is likely that the strain switch represents an ancient allosteric mechanism for mediating phosphoryl-transfer. The strain switch presumably occurs readily in ELKs because ELKs generally conserve small amino acids, such as glycine, at the HRDArg position. Rio kinases, and in particular Rio2, are interesting in this regard because they conserve a glycine at the HRD-Arg position across all three kingdoms of life. By selectively conserving a phosphate-coordinating Arg at the HRD-Arg position, EPKs appear to have structurally coupled the catalytic loop strain to the activation loop phosphate, presumably for tighter control of catalytic activity. Such coupling could favor a spring-loaded mechanism of action wherein phosphorylation of the activation loop locks the HRD backbone in a strain conformation. The proposed strain-switch mechanism also has the potential to inform current drug-discovery efforts on kinases. In the Imatinibbound structures of Abl kinase, for example, the drug is poised to interact with the backbone atoms of the HRD motif (PDB ID 2HYY). Design of inhibitors that prevent the formation of HRD motif strain could prove to be a unique paradigm in kinase inhibition. Thus, further analysis of the strain-switch in multiple kinase subfamilies, especially using NMR methods, is necessary to fully understand this fundamental feature of kinases.
Materials and Methods
Identification of Strain Conformations. The dataset used for the analysis consists of 1,928 PDB files containing a protein kinase-like domain. The 1,928 PDB files were separated into 2,442 individual chains and aligned using MAPGAPS (34), a procedure for rapidly and accurately aligning a large number of sequences. The alignment was used to define structurally equivalent residues in the kinase domain. Torsion-angle values (ϕ and ψ) for the aligned residues were calculated using in-house programs, and classified into three categories based on MolProbity (35) definitions of the Ramachandran plot. Specifically, torsion-angle values (rounded off to the nearest integer) were classified as favored (within 98% contour), disfavored (between 98% contour and 99.8% contour), or disallowed (outside 99.8% contour) based on their location in the Ramachandran plot. Residues with torsion-angle values in the disfavored regions were defined as "strained." The conformations were further analyzed for unusual N-Cα-C bond-angle values because torsion-angle strain is known to correlate with nonideal N-Cα-C bond-angle values (36, 37) . Indeed, in majority of strained conformations, the N-Cα-C bond-angle value for the HRD-Arg deviates from the normal value of around 111°by 2 SDs (Fig. 2B and Table S1 ). P values reported in the text and Tables S2 and S3 were calculated using the CHITEST module of MS Excel. The list of high-resolution structures with the ϕ/ψ values of the HRD-Arg and N-Cα-C angles is given in Table S1 . Table S1 also highlights the active conformations, which were identified based on the following criteria: (i) presence of ATP or ANP in the nucleotide binding pocket, (ii) presence of Lys-Glu salt bridge in the N-lobe, and (iii) closure of the ATP binding N lobe relative to the substrate C lobe (7).
Expression and Purification of Aurora WT and Mutant Proteins. The wild-type human Aurora A was obtained from Addgene (plasmid 8510) and the gene of interest was excised using BamHI and regenerated XhoI site from the vector (38) . The insert was cloned into BamHI/XhoI sites of a modified pet24DBAM vector with an N-terminal 6× His-tag. Mutations were made using the Stratagene QuikChange II kit, and each plasmid was sequenced before expression and some plasmids (T288E, D178L, and D178E) after expression as quality control. Escherichia coli BL21 cells (gift of Z.A.W., University of Georgia) expressing the plasmid were grown at 37°C until O.D ∼0.6, and induced with isfopropyl-β-D-thiogalactopyranoside at a final concentration of 1 mM at 20°C and proteins were harvested after induction overnight. Cells were lyzed using lysozyme treatment (0.5 mg/mL) for 30 min and followed by sonication in lysis buffer [50 mM sodium phosphate buffer (pH 7.8), 300 mM NaCl, and 0.1% Nonidet P-40]. Cell debris was discarded and supernatant loaded on Ni-NTA agarose columns (Qiagen) and purified under batch purification protocol.
Kinase Activity Assay Using Western Blots. Histone H3 was obtained from Roche as lyophilized powder and was reconstituted in kinase buffer (50 mM Tris•HCl pH 7.6, 5 mM MgCl 2 , 10 mM NaCl) to give final concentration of 1 mg/mL. Reactions were started in 40-μL final volume by adding kinase mixture (kinase buffer + 10 μg Histone H3+ 2 mM ATP) to varying amounts of wild-type and mutant eluate, and the reaction was carried out for 1 h at 37°C.
Samples were run on 12% (wt/vol) SDS/PAGE and transferred to PVDF membranes. Western blotting was done using primary antibodies, phospho Histone H3 (pSer10) (Cell Signaling #3377), phospho-Aurora (T288) (Cell Signaling #2914), Histone H3 antibody (Cell Signaling #4499), and Aurora antibody (Cell Signaling #4718). Appropriate secondary antibody was used and the bands were visualized using HRP-conjugated secondary antibody and ECL substrate.
